The cold-adapted cellulase CelG has been purified from the culture supernatant of the Antarctic bacterium Pseudoalteromonas haloplanktis and the gene coding for this enzyme has been cloned, sequenced and expressed in Escherichia coli. This cellulase is composed of three structurally and functionally distinct regions: an N-terminal catalytic domain belonging to glycosidase family 5 and a C-terminal cellulose-binding domain belonging to carbohydrate-binding module family 5. The linker of 107 residues connecting both domains is one of the longest found in cellulases, and optimizes substrate accessibility to the catalytic domain by drastically increasing the surface of cellulose available to a bound enzyme molecule. The psychrophilic enzyme is closely related to the cellulase Cel5 from Erwinia chrysanthemi. Both k cat and k cat /K m values at 4
INTRODUCTION
Cellulose is the major polysaccharidic compound in plants and is the most abundant organic compound on earth. Accordingly, its turnover in the carbon cycle is of prime importance for all living organisms [1] [2] [3] . Cellulose synthesis and recycling in the marine environment account for a large proportion of the cycle because oceans cover three-quarters of the planet's surface. However, one generally forgets that these steps are performed at low temperatures, as nearly 90 % of the sea water volume is permanently below 5
• C [4, 5] . This prompted us to analyse the functional and structural properties of a cold-active cellulase, involved in cellulose hydrolysis at low temperatures. This enzyme is produced by Pseudoalteromonas haloplanktis, a psychrophilic bacterium isolated in Antarctica, which thrives permanently at temperatures close to the freezing point of water. It is therefore expected that the cellular components of this micro-organism are adapted to life in the cold [6] .
Cellulases (EC 3.2.1.4) are endoenzymes that hydrolyse randomly β-1,4-glycosidic bonds in cellulose, releasing cellobiose as the smallest product. These enzymes can be found associated with the cellulosome, an extracellular supramolecular assembly produced by some bacteria and fungi [7, 8] , but are generally secreted as independent enzymes by cellulolytic microorganisms. The catalytic domain of cellulases is frequently connected to a CBM (cellulose-binding module) via a linker region [3] . These modules bind and diffuse on the substrate surface [9] , while the catalytic domain hydrolyses the substrate, resulting in a proposed caterpillar-like motion of the enzyme along the cellulose chains [10] . Both the catalytic domains and the CBM are structurally diverse [3, 11] , and have been classified into various sequence-and structure-related families [12, 13] . In the present paper, we report the cold-adaptive features of a new member of glycoside hydrolase family 5.
EXPERIMENTAL Production and purification of the wild-type cellulase
The Gram-negative Antarctic bacterium Ps. haloplanktis TAB23, formerly Alteromonas haloplanctis A23 [14] , was cultivated at 4
• C for 6 days in Erlenmeyer flasks shaken at 250 rev./min and containing 16 g/l bacto-tryptone, 16 g/l yeast extract, 20 g/l NaCl, 10 g/l sea salts, 30 g/l maltose, pH 7.6. The addition of maltose was found to induce cellulase production in the supernatant by 15-20-fold. After centrifugation at 15 000 g for 15 min, the culture supernatant was brought to 0.5 mM PMSF and 75 % saturation in (NH 4 ) 2 SO 4 . The precipitate collected by centrifugation at 24 000 g for 30 min was dissolved in 25 mM Pipes, 30 % (NH 4 ) 2 SO 4 , pH 6.5, and loaded on to a phenyl-Sepharose CL-4B column (5 cm × 6.5 cm) equilibrated and washed in the same buffer, then eluted with a decreasing gradient (1 litre) from 30 to 0 % (NH 4 ) 2 SO 4 . The active fractions were loaded on a DEAE-agarose column (1.5 cm × 40 cm) eluted with a linear gradient (0.5 litre) of 0-450 mM NaCl in 25 mM Pipes, pH 6.5. The active fractions were concentrated by ultrafiltration on a PTGC polysulphone membrane (Millipore) and loaded on to an Ultrogel AcA 54 column (2.5 cm × 100 cm) eluted with 25 mM Pipes, pH 6.5.
Gene cloning, expression and purification of the recombinant psychrophilic cellulase CelG
The genomic DNA of Ps. haloplanktis was partially digested by Sau3AI, and the resulting fragments were inserted into the single BamHI site of pSP73 (Promega). The ligated DNA was used to transform Escherichia coli XL1-Blue MRF' Kan (Stratagene) and the cellulolytic activity of the recombinant cells was screened on L-agar plates containing 5 g/l carboxymethylcellulose and 100 mg/l Trypan Blue. The nucleotide sequence of the active clone was determined using an ALFexpress DNA Sequencer (Pharmacia LKB).
For overexpression of the psychrophilic cellulase, the nucleotide sequence containing the start codon was mutated by PCR into CATATG in order to introduce an NdeI restriction site. The amplified fragment was cloned in the pCRScript vector (Stratagene), and most of the coding sequence was replaced by nonamplified DNA from the original clone, using an internal PstI site and the plasmid-borne SacI site, before sequencing the remaining PCR-amplified region bearing the NdeI site. The fulllength gene was then cloned in the expression vector pET22b (Novagen) at NdeI and SacI sites and was used to transform E. coli BL21(DE3) cells. Cultures were performed in LB (LuriaBertani) broth containing 100 mg/l ampicillin at 18
• C, and cellulase expression was induced by 100 µM IPTG (isopropyl β-D-thiogalactoside) at a A 600 of approx. 3. Production was estimated to be 100 mg/l of culture. Cells were recovered by centrifugation at 15 000 g for 30 min after 10 h of induction and were submitted to osmotic shock in order to recover the periplasmic fraction. The cell pellet was dispersed in an ice-chilled buffer containing 100 mM Tris/HCl, 0.5 mM EDTA, 0.1 mM PMSF, 0.5 M saccharose, pH 8.0, and, following centrifugation at 15 000 g for 30 min, the cell pellet was dispersed further in icechilled Milli-Q water and 1 mM MgCl 2 was added. The supernatant was brought to 1 M (NH 4 ) 2 SO 4 and loaded on to a cotton wool column (5 cm × 12 cm) equilibrated in 20 mM sodium phosphate and 1 M (NH 4 ) 2 SO 4 , pH 7.0 [15] . After extensive washing with this buffer, the cellulase was eluted with Milli-Q water. The active fractions were loaded on to a Biosquale Q2 column (0.7 cm × 5.2 mm) coupled to a FPLC system and equilibrated in 25 mM Tris/HCl, pH 8.0. The enzyme was eluted with a KCl gradient from 0 to 0.5 M. The concentrated cellulase solution was kept frozen at − 70
• C.
Expression and purification of the cellulase Cel5 from Erwinia chrysanthemi
The plasmid pSNAB1 [16, 17] , kindly provided by Dr F. Barras (CNRS, Marseille, France), was used to produce the cellulase Cel5. The protocol used was essentially similar to that described for the CelG cellulase with the following modifications: E. coli XL1-Blue MRF' Kan was used for Cel5 production and was cultivated at 30
• C in LB broth containing 100 mg/l ampicillin and 50 µM IPTG. Cells were harvested after 20-25 h. Production was estimated to be 60 mg/l of culture. The periplasmic extract was brought to 1 M NaCl before loading on the cotton wool column equilibrated in 20 mM sodium phosphate and 1 M NaCl, pH 7.0.
Analytical procedures
Kinetic parameters were recorded in 50 mM Hepes, pH 7.5, with increasing concentrations (0.2-30 mM) of the substrate pNPC (p-nitrophenyl-β-D-cellobioside) and at temperatures from 4 to 40
• C. Activities were recorded in a thermostatically controlled Uvikon 860 spectrophotometer (Kontron) and calculated on the basis of a molar absorption coefficient for p-nitrophenol of 12 900 M −1 · cm −1 at 405 nm. The kinetic parameters k cat and K m were determined by a non-linear regression fit of the saturation curves using the Michaelis-Menten equation. The standard assay was carried out at 25
• C with 5 mM pNPC. The pH-stability was recorded by incubating the enzymes in Teorell-Stenhagen buffer between pH 2 and 12, and determination of the residual activity of aliquots was achieved by the standard assay. The pH-dependence of the activity was recorded using pNPC in Teorell-Stenhagen buffer between pH 2 and 12. The reaction was stopped using 1 M Na 2 CO 3 , and relative activities were measured at 405 nm. Activity on 1 % carboxymethylcellulose in 50 mM Hepes, pH 7.5, was recorded on a MCS Isothermal Titration Calorimetry unit (MicroCal) as described previously [18] and calculated using a molar enthalpy of β-1,4-bond hydrolysis of 583 cal/mol of linkage.
Thermodynamic parameters of activation were calculated as described in [19] using the equations:
where k B is Bolzmann's constant, h is Planck's constant, E a is the activation energy of the reaction and R is the gas constant. The N-terminal amino acid sequence was determined by automated Edman degradation using a pulsed-liquid-phase protein sequencer Procise 494 (Applied Biosystems). Protein concentrations were determined by the bicinchoninic acid method (Pierce) and were checked using theoretical molar absorption coefficients of 94 930 M −1 · cm −1 and 101 540 M −1 · cm −1 at 280 nm for CelG and Cel5 respectively.
Molecular modelling of cellulase CelG from Ps. haloplanktis
The structural model of the cellulase CelG was constructed using atomic co-ordinates of the catalytic domain (Protein Data Bank accession number 1EGZ) and of the CBM (Protein Data Bank accession number 1AIW) of the cellulase Cel5 from E. chrysanthemi. Amino acid sequence alignments between CelG and the templates were performed by FASTA and BESTFIT programs. Following model building using the HOMOLOGY program (MSI, San Diego, CA, U.S.A.), energy minimization was achieved by the DISCOVER program (MSI) in order to avoid bad molecular contacts. The geometric features were analysed by the INSIGHT II program (MSI) on a Silicon Graphics workstation. Cut-off distances were 3.5 Å (1 Å = 0.1 nm) for ionic interactions, 3-5.5 Å and 55-90
• angles for aromatic interactions and 5 Å for hydrophobic clustering. Analysis of cavities was performed using the VOIDOO program (Uppsala Software Factory) with a 1.4 Å probe on a 0.75 Å grid. Docking the substrate cellotetraose into the catalytic cavity of CelG was performed using the atomic co-ordinates of the cellulase Cel5A from Bacillus agaradherans in complex with cellobiose (Protein Data Bank accession number 2A3H) and of the cellulase E1 from Acidothermus cellulolyticus in complex with cellotetraose (Protein Data Bank accession number 1ECE). Structurally conserved regions and the catalytic residues forming the active site of CelG and of both templates were superimposed in order to dock cellotetraose in the homology model of the Ps. haloplanktis cellulase.
Figure 1 Amino acid sequence alignment of the psychrophilic (CelG) and mesophilic (Cel5) cellulases
The sequences are split into the three structural regions. Similarities are boxed and residues interacting with cellotetraose docked into the catalytic cleft of CelG are noted by asterisks. The three motifs of thrombospondin type 3 (T3) repeats in the linker of CelG are underlined.
RESULTS AND DISCUSSION
The wild-type cellulase from Ps. haloplanktis
The wild-type cellulase produced at 4
• C in the culture supernatant of Ps. haloplanktis has been purified to homogeneity. However, it was found that this enzyme of approx. 38 kDa is a truncated protein containing the catalytic domain, probably cleaved by the non-specific protease also secreted by the bacterium [20] . Such cleavage is frequently observed in cellulolytic micro-organisms [15, 21] . This wild-type cellulase was used to locate the signal peptide cleavage site on the gene sequence (following N-terminal amino acid sequencing of the purified enzyme) and to check the catalytic properties of the recombinant, full-length cellulase produced in E. coli at 18
• C (see below).
Gene cloning, nucleotide sequence and domains of the psychrophilic cellulase CelG
A genomic library of Ps. haloplanktis has been constructed in E. coli, and among 10 000 clones screened for cellulolytic activity on L-agar plates containing carboxymethylcellulose and Trypan Blue, one active colony has been isolated. The genomic DNA fragment from Ps. haloplanktis conferring a cellulolytic activity to E. coli has been sequenced on both strands and the nucleotide sequence is available under GenBank ® accession number AHY17552. Sequence analysis reveals a coding DNA sequence of 1494 base pairs corresponding to a pre-protein of 498 amino acid residues designated CelG. The N-terminal amino acid sequence of the first 24 residues in the wild-type cellulase allowed the identification of a long signal peptide of 32 residues (formylmethionine included) in the precursor nucleotide sequence.
Further amino acid sequence analysis of the mature enzyme with data maintained at the Carbohydrate-Active Enzymes server CAZY (http://afmb.cnrs-mrs.fr/CAZY/) shows that the cellulase from Ps. haloplanktis is closely related to the cellulase Cel5 (formerly EGZ) secreted by E. chrysanthemi [16, 17, 22, 23] , a phytopathogenic Gram-negative bacterium. Figure 1 shows the amino acid sequence alignment of both enzymes. By comparison with the known structure of Cel5 [24, 25] , the psychrophilic cellulase CelG also contains three structurally and functionally distinct regions ( Figure 1 ). The N-terminal domain is the catalytic domain. It belongs to glycoside hydrolase family 5 [26] , subfamily 2, characterized by five strictly conserved residues in the active site [23, 27] , namely Arg 57 , His 100 , His 194 , Glu 135 (the acid/base residue) and Glu 222 (the nucleophile) in CelG. These enzymes hydrolyse β-1,4-glycosidic bonds with net retention of the anomeric configuration. The catalytic domain also belongs to the GH-A clan characterized by a (β/α) 8 barrel fold. The C-terminal domain is a cellulose-binding domain, belonging to family 5 of CBMs [3, 13] , and is responsible for binding to crystalline cellulose. Both domains are connected by a typical linker, highly flexible in solution [10] . In the case of the psychrophilic cellulase, CelG, this linker is unusually long. The amino acid sequence identity between CelG from Ps. haloplanktis and Cel5 from E. chrysanthemi was found to be 66 % for the catalytic domain and 57 % for the CBM (or 71 % and 58 % similarity respectively). Table 1 reports the amino acid composition of both cellulases, as well as that of their domains. The composition of the catalytic domains and of the CBMs is qualitatively similar; trends displayed by CelG catalytic domain will be discussed below. The most striking difference between both enzymes is the size of the linker region in CelG, which possesses 75 additional residues. As shown in Table 1 , the type of these residues is not random, since the large size is mainly provided by an increase of aspartate, glycine, asparagine, serine and valine residues. This long linker is also highly negatively charged.
Kinetic properties of the psychrophilic and mesophilic cellulases
The strong primary-structural similarity between both cellulases prompted us to express and to purify the recombinant enzymes for further characterization with respect to temperature adaptation. Purifications as described in the Experimental section yielded pure enzyme samples as judged by the single and homogeneous band observed in standard and overloaded SDS/PAGE (12 % gels). N-terminal amino acid sequencing of the purified enzymes also indicated a single sequence and showed that the signal peptide of both cellulases was correctly cleaved in E. coli. As both wild-type (truncated) and recombinant (full-length) psychrophilic cellulases share similar k cat and K m values at 4 • C and 25 • C, one can conclude that expression at 18
• C in E. coli does not alter the kinetic properties of the cellulase CelG synthesized near 0
• C by the parent bacterium.
Both CelG and Cel5 cellulases share most of their functional properties. They readily hydrolyse the small chromogenic substrate pNPC and carboxymethylcellulose. However, the activity on the latter substrate (recorded using microcalorimetry as the heat released during β-1,4-glycosidic bond hydrolysis) is not linear and decreases rapidly with time. This has been related previously to the fast depletion of available non-substituted cellobiose units in this chemically modified cellulose [1] . The k cat values have been estimated to be 0.030 s −1 and 0.005 s −1 at 25 • C for CelG and Cel5 respectively. No detectable activity was recorded on microcrystalline cellulose (Avicel). Accordingly, pNPC was used for all activity assays. As shown in Figure 2 , the pH for optimal activity of CelG is found between pH 6.5 and 7.0, and this enzyme can therefore be classified as a neutral cellulase, like Cel5. The psychrophilic enzyme is optimally stable between pH 8.0 and 9.5. Its activity is not affected by 10 mM EDTA or 10 mM EGTA, indicating that CelG is not a metalloenzyme.
In contrast, the effect of temperature on both enzymes is drastically different. Like most psychrophilic enzymes [6, 28] , CelG is a heat-labile cellulase. For instance, its half-life during incubation at 45
• C is approx. 40 min, whereas the mesophilic Cel5 is unaffected in these conditions. The activity of CelG increases exponentially with temperature up to 40
• C (see below), but vanishes at temperatures higher than 45
• C. On the other hand, the apparent optimal temperature for activity of Cel5 is at 55
• C, whereas the psychrophilic CelG is totally inactive at this temperature. The determination of the kinetic parameters for pNPC hydrolysis reveals an interesting phenomenon of kinetic optimization at environmental temperatures, as well as the thermodynamic origin of this optimization. Indeed, the psychrophilic cellulase is at least 15 times more active at 4
• C than its mesophilic counterpart (Table 2 ) and, interestingly, the latter reaches the same k cat value at 35
• C (Figure 3a) , therefore demonstrating identical hydrolytic capacity at their respective temperatures. The increased activity at low temperature of CelG can be viewed as the main physiological adaptation to cold at the enzyme level as it compensates for the reduction of chemical reaction rates induced by low temperatures [6, 28] . In contrast, the K m value of the psychrophilic cellulase is higher at all temperatures (Figure 3b , inset) and is barely modified (5-6 mM) between 4
• C and 35
• C, whereas the K m for Cel5 increases from 1.5 mM to 4 mM in this temperature range. As a result, the physiological efficiency or specificity constant k cat /K m (30.5 M −1 · s −1 and 6.5 M −1 · s −1 at 4
• C for CelG and Cel5 respectively) markedly increases with temperature for both enzymes (Figure 3b ). Here again, the k cat /K m at 4
• C for the psychrophilic cellulase corresponds to the value reached by its mesophilic counterpart at [25] [26] [27] [28] [29] [30] • C. The thermodynamic parameters of activation for pNPC hydrolysis have been calculated from Arrhenius plots of the temperature-dependence curves of k cat (Figure 3a , inset) and are given in Table 2 . The lower Gibbs free energy of activation, G * , of CelG can be depicted as a lower energy barrier that has to be mastered by the ground-state enzyme-substrate complex 
ES to reach the activated state ES
* in order to react, therefore corresponding to a higher activity. However, a main determinant of the high activity at low temperatures of the psychrophilic cellulase is found in the lower enthalpic contribution, H * , to the free energy. Indeed, this low value originates from a weaker temperature-dependence of k cat , as indicated by the weaker slope of the Arrhenius plot (Figure 3a, inset) . Accordingly, the reduction of activity induced by low temperatures is less pronounced for the cold-active cellulase. It has been suggested that low H * values may translate a reduced number of enthalpy-driven interactions that are broken in the ES complex before reaching the activated state [6, 19] . As these interactions also contribute to the active-site conformation, this should result in a heat-labile catalytic centre, as indeed noted for the psychrophilic cellulase. The higher and unfavourable entropic contribution, T S * , to the free energy displayed by CelG (Table 2) can also be interpreted in this context. It has been proposed that a large entropic contribution may translate large conformational motions between a relatively disordered active site in the ES complex and the structured activated state ES * [6, 19, 29] . One can expect that such a heat-labile, disordered active site will bind its substrate weakly, as indeed suggested by the high K m value of the psychrophilic cellulase. It is also worth mentioning that, in the classical scheme of the energy barrier, if the substrate binds weakly, then the ES complex falls in a less deep energy pit therefore decreasing the effective height of the energy barrier and leading to an increased activity [30, 31] .
Structural features of the cold-active cellulase
In an attempt to identify the structural factors potentially responsible for the specific properties of the psychrophilic cellulase, its structure was built by homology modelling. The model of the cellulase CelG was based on the three-dimensional structures of the cellulase Cel5 from E. chrysanthemi obtained by X-ray crystallography for the catalytic domain [25] and by NMR for the CBM [24] . No data are available for the linker in cellulases, except for a modelled shape obtained by small-angle X-ray scattering [10] . The overall fold of the catalytic domain is a (β/α) 8 barrel, whereas the CBM exhibits a ski-boot-shape based mainly on a triple antiparallel β-sheet (Figure 4 ). More structural details can be found in the original descriptions of the templates [24, 25] . In order to analyse the active site, a molecule of cellotetraose has been docked in the long substrate-binding cleft on the basis of the crystal structures of cellulases Cel5A from B. agaradherans and E1 from A. cellulolyticus in complex with cellobiose and cellotetraose respectively. In the psychrophilic cellulase, this substrate interacts with 20 residues, as indicated in Figure 1 . Half of these residues are aromatic side chains that line up the cleft and perform stacking interactions with the four glucopyranose units of the substrate, a general feature in glycosidases [32] . All these residues are conserved ( Figure 1 ) and superimpose perfectly with the structure of Cel5 from E. chrysanthemi, with the exception of Tyr 204 in CelG which is a leucine residue in Cel5. No specific function has been assigned to this residue in other family 5 cellulases. There is therefore no obvious structural change within the active site that can be related to cold-activity in CelG.
In contrast, several structural factors that are potentially responsible for the low thermal stability of the psychrophilic cellulase are observed and are listed in Table 3 . The catalytic domain of CelG lacks three proline residues in loops: this residue has only one variable dihedral angle and restricts the chain mobility between secondary structures. The domain possesses six additional glycine residues: the lack of side chain in glycine allows chain rotations and dihedral angles not available to other residues. The catalytic domain also lacks four arginine residues which are able to form up to five weak electrostatic interactions [33] . In combination with the decrease in lysine residues, the low number of basic residues has two consequences: the disappearance of four stabilizing ion pairs and an excess of negatively charged residues at the enzyme surface, also reinforced by seven additional exposed acidic residues. The latter factor is thought to destabilize the protein via improved interactions with the solvent according to the adhesive-cohesive model [34] . On the other hand, the catalytic domain of CelG exposes five additional hydrophobic residues to the solvent, an entropy-driven destabilizing factor [35] . The catalytic domains of CelG and Cel5 both contain five conserved hydrophobic core clusters. However, two of them in the psychrophilic cellulase are weakened by the replacement of a nonpolar side chain for a polar one. Finally, both the number and cumulated volume of cavities in CelG appear to be higher, suggesting a less compact conformation of the catalytic domain. Most of these alterations in CelG are located near the N-and C-terminal extremities and on the α 2 β 2 loop of the barrel. Relaxed protein extremities have been proposed as preferential sites for unfolding [30] . The small CBM also displays some of these trends. All the above-mentioned factors have been implicated in protein stability by comparative studies of enzymes adapted to extreme temperatures [35] [36] [37] .
Conclusions
The cold-active cellulase CelG displays a well-adapted ability to hydrolyse cellulose at low temperatures, as discussed above. Interestingly, the analysis of its active site with a docked substrate molecule fails to reveal structural alterations that can be related to its high k cat and K m values, because 19 residues forming the catalytic cleft are strictly conserved in its mesophilic counterpart from E. chrysanthemi. One can therefore propose that the properties of these conserved residues in substrate binding and hydrolysis are different in CelG. This implies that the protein structures outside the active site are responsible for cold-activity. Although the involvement of subtle, undetected mutations in CelG cannot be ruled out, several lines of evidence suggest that the loss of conformational stability provides the requested flexibility or mobility to the active site in order to perform catalysis at low temperatures [38] [39] [40] [41] . In this respect, the structural model of CelG reveals several factors that are responsible for its low thermal stability (Table 3) . It should be noted that the thermodynamic parameters of activation also point to a heat-labile, disordered active site with a low substrate affinity.
Moreover, a novel structural adaptation to catalysis at low temperatures, not previously observed in psychrophilic enzymes, can be proposed at the level of the linker region. With 107 residues, the linker of CelG is by far the largest observed in cellulases from family 5-2 and one of the largest in all cellulases, which generally have connecting regions ranging from 6 to 80 residues [21, 42, 43] . Considering the enzyme attached to the cellulose fibres via its CBM and a linker that can bend and extend [10] , the size of the linker in CelG can considerably increase the surface of substrate available to the catalytic domain: assuming a rotation around the CBM, this surface is a square function of the linker length. Accordingly, the psychrophilic cellulase displays both a kinetic optimization of the activity and a steric optimization of substrate accessibility through its unusually long linker. Another unique feature of the linker is the presence of three DXDXDGXXDXXD motifs (Figure 1) found in calcium-binding type 3 repeats (T3) of thrombospondins. The latter are multimeric glycoproteins acting as extracellular regulators of cell-matrix interactions in animal cells [44] . If these motifs also bind calcium in the CelG linker, they can provide a structural basis for the conformational organization of the chain. Studies of the linker conformation are currently in progress.
